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1. Introduction
In RAN1#116 meeting, LP-WUS WI was kicked off and the following agreements were made [1]. 
	Agreement
Support both OOK-1 and OOK-4 for LP-WUS. 
· FFS how OOK-1 and OOK-4 are specified 
· For OOK-4, M<=4, FFS supported values
· The SCS of a CP-OFDM symbol used for LP-WUS generation can be the same as one of the SCS(s) used for other NR transmissions in the same CP-OFDM symbol
· FFS different SCS.

Agreement
Further study the following options for LP-SS:
· Option 1: OOK-1 
· Option 2: OOK-4 with M=1,2,4,[8]
· The SCS of a CP-OFDM symbol used for LP-SS generation is the same as that used for LP-WUS generation
· FFS: different SCS
Agreement
For LP-SS design from RAN1 perspective, consider at least the following as the design target:
· For RRM measurement performed by LP-WUR based on LP-SS, UE can satisfy measurement accuracy based on X LP-SS samples within a period which is comparable to Y=the length of I-DRX cycle that is larger or equal to 1.28s.
· FFS: X  
· Note: Y is chosen for evaluating LP-SS design. 
· Network overhead and network power consumption are to be considered

Agreement
The ‘ON-OFF’ pattern for OOK symbols of LP-SS is based on binary sequence(s)
· FFS binary sequence(s) details, including the sequence type, the number of sequences, and the sequence length
· FFS overlaid OFDM sequences, if supported

Agreement
For the overlaid OFDM sequence(s) for LP-SS, consider the following options for further down-selection:
· Option 1: Do not specify the overlaid OFDM sequences(s) 
· Option 2: Specify the overlaid OFDM sequence(s) targeting for OOK waveform generation without targeting for sync and RRM measurement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.
· Option 3: Specify the overlaid OFDM sequence(s) targeting for OOK waveform generation and also targeting for sync and RRM measurement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.
· For Option 3, it is up to RAN4 to make decision on whether/how to define the RRM measurement requirement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.

Agreement
For RAN1 evaluation purpose, the SNR to achieve the coverage of PUSCH for message3 is determined for OOK-based LP-WUR and OFDM-based LP-WUR, respectively. 
· Companies are encouraged to report the SNR, together with the associated assumptions as listed in the table below.
	
	Bandwidth for LP-WUS signal (MHz)
	NF for LP-WUR (dB)
	Gain of antenna element (dBi) assumed for LP-WUR: 
e.g., -3 dBi for redcap UE and e.g., 0dBi for non-redcap UE
	# of Tx chains for LP-WUS/LP-SS transmission, e.g., 2
Note: The number of Tx chains for LP-WUS/LP-SS transmission is assumed the same as the number of RX chains for MSG3 reception

	MIL value of MSG3: taking redcap UE /non-redcap UE @dense urban 2.6GHz

	The SNR (dB) to achieve the coverage of PUSCH for message3
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The discussion on LP-WUS and LP-SS remaining issues is provided in this contribution.
2. Waveform 
2.1. OOK scheme 
RAN1 agreed to support both OOK-1 and OOK-4 for LP-WUS, while how to specify OOK-1 and OOK-4 is FFS. The discussion point is, whether OOK-1 and OOK-4 is separately specified or commonly specified.  Analysis on standard effort, LP-WUR complexity and gNB complexity for these two different alternatives are provided as below. 
Alt 1: common design for both OOK-1 and OOK-4. 
· Alt 1-1: common design for both OOK-1 and OOK-4 based on specified DFT and time domain overlaid OFDM sequence
· Standard impact: 
DFT block is specified. Nm_o time domain overlaid OFDM sequences per OOK ON symbol is specified for different M including M=1 as discussed in section 2.2.5.
· LP-WUR implementation impact: 
OOK-based LP-WUR can be agonistic to OOK-1 and OOK-4, i.e., same reception behavior with only difference of number of OOK symbols per OFDM symbol. 
OFDM-based LP-WUR may directly use specified time domain sequence for time domain sequence detection.  
· gNB implementation impact: 
It can be up to gNB implementation to implement DFT block, i.e., generate specified time domain sequence and perform DFT + IFFT with different M including M=1, or gNB can pre-store frequency domain samples which is derived based on specified time domain sequence without implementing DFT block. 
Mapping the frequency domain samples to existing QAM can be considered to further reduce impact on gNB implementation. 
· Alt 1-2: common design for both OOK-1 and OOK-4 based on frequency domain overlaid OFDM sequence without DFT
· Standard impact: 
DFT block is not specified. Nm_t*(Nm_o^Non) frequency domain overlaid OFDM sequences is specified for different M as discussed in section 2.2.5, which is much larger than time domain sequence in Alt 1-1.  
· LP-WUR implementation impact: 
OOK-based LP-WUR can be agonistic to OOK-1 and OOK-4, i.e., same reception behavior with only difference of number of OOK symbols per OFDM symbol. 
OFDM-based LP-WUR needs to transform the specified frequency domain in time domain for time domain sequence detection.
· gNB implementation impact: 
gNB can generate specified frequency domain sequence and perform IFFT.

Alt 2: separate design for OOK-1 and OOK-4
· Standard impact: 
Separate specification for OOK-1 and OOK-4, i.e., OOK-1 is specified without DFT and the overlaid OFDM sequence is specified in frequency domain while OOK-4 is specified with DFT and the overlaid OFDM sequence is specified in time domain. Apparently, the spec would be more complicated than Alt 1.
· LP-WUR implementation impact: 
OOK-based LP-WUR can be agonistic to OOK-1 and OOK-4, i.e., same reception behavior with only difference of number of OOK symbols per OFDM symbol. 
OFDM-based LP-WUR has to handle specified overlaid OFDM sequence differently for OOK-1 and OOK-4.  The specified frequency domain OFDM sequences should be firstly transformed to time domain sequence for OOK-1 while the specified time domain OFDM sequences could be directly used for OOK-4.  Apparently, sperate handling for OOK-1 and OOK-4 increases LP-WUR complexity compared with Alt 1. 
· gNB implementation impact: 
gNB generates specified frequency domain OFDM sequence and performs IFFT to generate OOK-1 signal. For OOK-4, gNB either generates specified time domain OFDM sequence and performs DFT and then IFFT to generate OOK-4 signal, or pre-stores frequency domain samples based on specified time domain OFDM sequence and performs IFFT without implementing DFT block. 
gNB implementation complexity would similar for Alt-2 and Alt 1-1. 
It can be seen separate design for OOK-1 and OOK-4 unnecessarily complicates the specification, increases LP-WUR complexity and no clear benefit for gNB implementation. Therefore, generic design for OOK-1 and OOK-4 based on specified DFT and time domain overlaid OFDM sequence (Alt 1-1) is preferred. 
[bookmark: _Hlk159150969]Regarding candidate values for M, for LP-WUS, M up to 4 can achieve target coverage with reasonable overhead per evaluation in SI phase, with presence of timing error no larger than 2us.  For LP-SS, in addition to candidates M for LP-WUS, M=8 can be further discussed.  On one hand, M=8 may provide better sync accuracy with larger sequence length than M=4. On the other hand, it may increase processing complexity yet larger M barely improve RRM measurement accuracy as shown in Figure 12. 
[bookmark: _Hlk162981637]Proposal 1: Support unified specification for OOK-4 and OOK-1 based on DFT, with M=1, 2 and 4 for LP-WUS and LP-SS. FFS M=8 for LP-SS.  
2.2. Overlaid OFDM sequences on OOK symbol for LP-WUS 
2.2.1 Whether OFDM sequence carries information  
In RAN1#116 meeting, companies discussed the understanding of ‘OFDM sequence can carry information’ for the overlaid OFDM sequence in WID, i.e., whether only a subset or all 3 cases as shown below is within the scope.   
· Case 1: OFDM sequence does not carry information. It is up to gNB implementation to transmit an overlaid OFDM sequence.
· Case 2: OFDM sequence does not carry information. gNB configures single known sequence. 
· Case 3: OFDM sequence carries information. gNB configures a set of Nm_o known sequences, one of the Nm_o sequences can be transmitted to carry bits. 
In our understanding, WID includes all these 3 cases. It is up to gNB to configure overlaid OFDM sequence(s) or not per need. For example, if LP-WUS is only to wake-up UEs with OOK-based LP-WUR, e.g., at least for RRC connected mode case, gNB may not configure an overlaid OFDM sequence and it is up to gNB implementation to transmit a proper OFDM sequence to improve OOK detection performance. If LP-WUS is to wake-up UEs including UEs with OFDM-based LP-WUR, gNB can configure one or multiple overlaid OFDM sequence per need. 
[bookmark: _Hlk162981672] Proposal 2: Support following 3 cases for overlaid OFDM sequence: 
· Case 1: OFDM sequence does not carry information. It is up to gNB implementation to transmit an overlaid OFDM sequence.
· Case 2: OFDM sequence does not carry information. gNB configures single known sequence. 
· Case 3: OFDM sequence carries information. gNB configures a set of Nm_o sequences, one of the Nm_o sequences can be transmitted to carry bits, Nm_o ≥1. 
2.2.2 How to carry information by multiple OFDM sequences
For case 3 above, one basic aspect is how to carry information by OFDM sequence(s). 
If Nm_o=1, OFDM-based LP-WUR can obtain 1 bit by the single OFDM sequence. If Manchester coding is not applied, UE assumes the bit value is ‘1’ if the sequence is detected in an OOK chip, otherwise, the bit value is ‘0’. If Manchester coding is applied, UE obtains the bit value ‘0’ or ‘1’ by the location of detected OFDM sequence in 2 OOK chips or 4 OOK chips, according to Manchester coding rate.  
It can be seen that OFDM-based LP-WUR has to detect the OFDM sequence in all OOK chips so that early termination is impossible, but the detection performance is better than the case Nm_o>1, as shown in Figure 2. 
If Nm_o >1, two options were discussed in RAN1 #116 meeting: 
· Option 1: OFDM-based LP-WUR can obtain the whole information bits by OFDM sequence(s) and location of the OFDM sequence(s)/OOK symbols. 
· Option 2: OFDM-based LP-WUR can obtain the whole information bits by OFDM sequence(s).
For option 1, assuming total information delivered by LP-WUS is a set of bits X = [x1, x2, … xL], X bits can be split into two parts X= [X1 X2].  All L bits of X is carried by OOK ON/OFF symbols. Meanwhile, bits in X2 are also carried by overlaid OFDM sequences. As shown in Figure 1-a, a LP-WUS carrying 8 bits X=[ 0 1 1 1 0 1 0 1]  occupies 8 OFDM symbols with Manchester coding and OOK-4 with M=2. In each OOK ON symbol, one of 4 overlaid OFDM sequences is transmitted to convey 2 bits. X2 = [1 0 1 0 1] (last 5 bits of X) is carried by overlaid OFDM sequences in OOK ON symbols of first 3 OFDM symbols. Therefore, OFDM-based LP-WUR can obtain all 8 bits of X in first 3 OFDM symbols by detection of OFDM sequences to obtain X2 and the location of OFDM sequences or detection of OOK symbols to obtain X1. 
For option 2, assuming total information delivered by LP-WUS is a set of bits X = [x1, x2, … xL]. All L bits of X is carried by OOK ON/OFF symbols, meanwhile, all L bits of X are also carried by overlaid OFDM sequences. As shown in Figure 1-b, each bit of X is carried by overlaid OFDM sequences regardless of bits carried by OOK symbols. Therefore, OFDM-based LP-WUR can obtain all 8 bits of X in first 4 OFDM symbols. 
Comparing option 1 and option 2, option 1 can convey more information bits per OFDM symbol thus may achieve larger power saving gain than option 2 due to earlier termination of LP-WUS reception (3 OFDM symbols vs 4 OFDM symbols shown in Figure 1-a & 1-b). But option 1 would be more complicated than option 2, because LP-WUR should firstly derive how X is split into X1 and X2, and how many OOK symbols to be received.  For example, total number of bits L= L1+L2, where L1= Mon, L2= Mon *log2 (Nm_o), if Manchester coding with coding rate=1/2 is applied. If Manchester coding is not applied, it would be more complicated to determine L1 and L2 and the number of OOK symbols to be received, because L1 and L2 highly depends on when an OOK ON symbol appears, which varies with the transmitted OOK sequence according to UE subgrouping to be paged.  


Figure 1-a Option-1 for overlaid OFDM sequence carrying information


Figure 1-b  Option-2 for overlaid OFDM sequence carrying information
Observation 1: gNB can configure Nm_o=1 or Nm_o>1 overlaid OFDM sequences to carry information bit(s). 
· If single OFDM sequence is configured, LP-WUR can obtain 1 bit information by the presence of the OFDM sequence in each OOK chip or each several OOK chips (2 or 4),  without or with Manchester coding. The LP-WUR has to receive all OOK chips of the LP-WUS without early termination, but the performance would be much better than multiple sequence case. 
· If multiple OFDM sequences are configured, Option 1 can enable earlier termination of LP-WUS reception than option 2, while option 1 is more complicated than option 2 to determine how many OOK symbols to be received to obtain all information bits, especially when Manchester coding is not applied.  
Proposal 3: RAN1 further discusses following two cases for carrying information by OFDM sequence(s) with consideration of detection performance, LP-WUR complexity and power consumption,  
· Case 3-1: Single OFDM sequence is configured in each OOK ON chip. The overlaid OFDM sequence carry single bit in each OOK chip or each two or four chips, depending on Manchester coding. OFDM-based LP-WUR can obtain the whole information bits by the OFDM sequence across all OOK chips of the LP-WUS.
· Case 3-2: Multiple OFDM sequences is configured in each OOK ON chip. OFDM-based LP-WUR can obtain the whole information bits by the OFDM sequences in first several OOK chips of the LP-WUS.
· Option 1: The overlaid OFDM sequence(s) carry part of information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by OFDM sequence(s) and location of the OFDM sequence(s)/OOK symbols. 
· Option 2: The overlaid OFDM sequence(s) carry all information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by OFDM sequence(s).
For both option 1 and option 2 discussed above, OFDM-based LP-WUR may obtain full information bits by receiving only first several OOK symbols of the LP-WUS. One follow-up question is, whether and how the remaining OOK symbols of LP-WUS is decodable for OFDM-based LP-WUR. If gNB also transmits overlaid OFDM symbols carrying information in the remaining OOK symbols, LP-WUS detection performance can be further improved by receiving multiple repetitions of information bits. 
Proposal 4: Information bits repetition by overlaid OFDM sequence(s) in OFDM symbols of the LP-WUS without additional overhead can be considered.  
2.2.3 Sequence for the overlaid OFDM sequences 
The target coverage of LP-WUS and LP-SS shall be the coverage of PUSCH for message3 per WID. As evaluated in SI phase, to achieve same coverage, OOK-based LP-WUS requires more resource than OFDM-based LP-WUS. Consequently, for LP-WUS based on OOK with overlaid OFDM sequences, the required resource for the LP-WUS would be determined by OOK performance. To avoid undesirable increase of LP-WUS overhead, it is critical to ensure OOK detection performance not impacted by the overlaid OFDM sequences, e.g., overlaid OFDM sequence should provide good ON/OFF waveform in time domain and flattened spectrum for frequency diversity gain. As shown in section 2.2.4, different overlaid OFDM sequence results in different OOK detection performance. The OFDM sequence which compromises OOK detection should be avoided.  
Meanwhile, the overlaid OFDM sequence with good cross-correlation in time domain should be elaborately selected to guarantee the OFDM performance as well. Typically, longer sequence (corresponding to smaller M) provides better cross-correlation, and larger number of candidate sequences. Therefore, different number of candidate overlaid OFDM sequences for different M value would be reasonable. 
Another aspect to consider is gNB implementation complexity. As discussed in SI phase, the frequency domain samples of LP-WUS should comply with existing RE power dynamic range, and it would be desirable to map frequency domain samples to existing constellation, e.g., QPSK or QAM. 
[bookmark: _Hlk162981839]Proposal 5: The overlaid OFDM sequence should consider following metrics:   
· Not compromise OOK detection performance. 
· Have at least good cross-correlation property. 
· Have limit impact on existing gNB implementation.
2.2.4 Initial evaluation for different overlaid OFDM sequences 
Based on the design metric discussed above, some preliminary evaluation results are provided. 
The performance results of OOK envelope detection and OFM sequence detection of OOK waveform with different overlaid OFDM sequences schemes are provided below. More detailed simulation parameters can be found in Appendix 9.2.
a) OFDM detector performance for single, two and four OFDM sequences per OOK ON symbol 
First of all, the OFDM sequence detection performance of OOK-4 waveform carrying 1, 2, and 4 overlaid sequences on each OOK ON symbol under different timing and frequency error is provided. Different overlaid sequences on each ON symbol can be ZC sequences with different roots, and m-sequence with different generator polynomials (details for generator polynomials can be found in Table 8 in Appendix 9.2). In the figures, for easy reading, different generator polynomials for m-sequences are also labeled as different roots. The different overlaid sequences on each ON symbol can also be ZC sequences or m-sequences with the same root while different cyclic shifts. 
Comparing different cases of same sequence type with same number of overlaid OFDM sequences per OOK ON symbol with different timing and frequency error, obvious degradation can be observed due to timing and frequency error. For per symbol carrying a single ZC sequence, the SNR@1% BLER performance will lose 1.8dB when the time error change from 0us to 0.93us and the frequency error change from 0ppm to 3ppm. For per symbol carrying 2 ZC sequences, this performance loss will become larger, becoming 2.4dB and 3dB. For 4 ZC sequences per symbol, this performance loss will be even greater. The same phenomenon can be observed by changing the overlaid sequence from the ZC sequence to the m-sequence.
Comparing different cases of the same sequence type with different number of overlaid OFDM sequences per OOK ON symbol, with the increase of number of overlaid OFDM sequences per OOK ON symbol which conveys more bits per OFDM symbol, SNR @1% BLER performance slightly decreases with ideal timing and frequency synchronization (Fe=0 ppm and Te=0 us), e.g., less than 1 dB degradation with 4 ZC sequences of different root compared with single ZC sequence case, while the gap increases dramatically with presence of larger timing and frequency error (Fe=3 ppm and Te=0.96 us). Particularly, error floor can be observed for both ZC and m-sequence case with 4 sequences with different cyclic shift when Fe=3 ppm and Te=0.96 us. 
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a). OOK-4 M=4:ZC sequence
	[image: ]
b). OOK-4 M=4:M sequence


Figure 2: OFDM detector performance of different number of overlaid sequences per OOK ON symbol 
[bookmark: _Hlk159142011]Observation 2: For OFDM detector, as the number of overlaid OFDM sequences per OOK ON symbol increases, the performance degrades under same frequency and time error.
Observation 3:  For OFDM detector, design with less overlaid OFDM sequences per OOK ON symbol is more tolerant to large time and frequency error. 
b). OFDM detector performance with different OFDM sequences
The following provides the performance impact of OOK-4 waveforms with different overlaid OFDM sequences on OFDM detector. The overlaid sequence uses ZC sequence, m-sequence and Gold sequence. The "ON symbol" in each OFDM symbol uses the same sequence.
	[image: ]
a).OOK-4 M=4:single sequence per OOK ON symbol
	[image: ]
b). OOK-4 M=4:2 sequences per OOK ON symbol


Figure 3: OFDM detector performance of different overlaid sequence 
For single overlaid OFDM sequence per OOK ON symbol, detection performance gap is marginal among different types of sequences, i.e., within 1dB, irrespective of impairment of timing and frequency error. But for two overlaid OFDM sequences per OOK ON symbol, the performance gap between different sequence generation schemes (e.g., different sequence types, different roots, different cyclic shifts) is very large under time error of 1.28us @1%BLER. As is also shown in Figure 2, in case of larger timing and frequency error (Fe=3 ppm and Te=0.96 us), similar trend is also observed wherein ZC sequence case suffers more serious error floor than m-sequence case.
[bookmark: _Hlk159142024]Observation 4: For single overlaid OFDM sequence per OOK ON symbol, the OFDM detector performance for different types of sequences is similar among different types of sequences. For 2 or 4 overlaid OFDM sequences per OOK ON symbol, detection performance for different types of sequences differs, especially under larger time and frequency error.  
c). OFDM detector performance with frequency domain samples mapping to existing QAM constellation 
For NR DL transmission, frequency domain samples for IFFT at gNB side is either QAM or QPSK constellation for modulated data or control information, or specific sequences such as pseudo-sequences for various reference signals, as specified in TS38.211. For the overlaid OFDM sequence, frequency domain samples may be out of existing constellation for modulated symbols or reference signals. To reduce impact on existing gNB implementation, it is desirable to map these frequency domain samples to existing constellation without material performance degradation. 
In our evaluation, the frequency domain samples after DFT are mapped to 64QAM constellation.  It can be seen that, for OOK and OFDM detector, the performance change caused by mapping the frequency domain signal to the 64QAM constellation is within 1dB. And the same observation exists for different overlaid sequences, e.g., M, Gold and ZC sequences. 
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	a). OOK detector
	d). OFDM detector


Figure 4: detector performance of different overlaid sequence with mapping to 64 QAM constellation 
[bookmark: _Hlk162981901]Observation 5: Mapping frequency domain samples to existing QAM constellation has negligible impact on OFDM detection performance. 
d). OOK detector performance with different overlaid OFDM sequences
To verify the performance impact of different overlaid OFDM sequences on OOK envelope detection, some ZC sequences, M sequences and Gold sequences are evaluated for initial evaluation. For ZC sequence, the impact of different root, e.g., root=1 and root=31 is checked. For m-sequence, the impact of different generator polynomials is checked, wherein ‘root=1’ in figure 5 b) and figure 5 e) denotes Polynomial=[5 2 0] and ‘root=31’ denotes Polynomial= [5 3 2 1 0].  For Gold sequence (based on existing NR Gold sequence), the impact of different Cinit is checked, wherein ‘root=1’ in figure 5 c) and figure 5 f) denotes Cinit =1 and ‘root=31’ in figure 4 c) and figure 4 f) denotes Cinit =31. 
The simulation results for OOK-4 M=4 with OOK symbol duration of 8.33us and OOK-1 with OOK symbol duration of 33.3us are shown in Figure 4. For the above three types of sequences, the ZC sequences with different root cause the largest fluctuation in OOK detection performance, while m-sequences with different generator polynomials and Gold sequences with different initial states have minor impact on OOK detection performance. 
It can be seen that, OOK-4 with ZC sequence root =31 performs 3dB better than OOK-4 with ZC sequence root =1 under time error of 1.6 us @1%BLER and the gap decreases to less than 1 dB with time error of 1.28us @1%BLER. Similar trends are observed for OOK-1 though the gap is smaller. 
The above results are just based on limited candidate OFDM sequences. Comprehensive investigation on various OFDM sequences should be performed in WI. 
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	a). OOK-4 M=4:different ZC sequence
	d). OOK-1 M=1:different ZC sequence
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	b). OOK-4 M=4:different m-sequence
	e). OOK-1 M=1:different m-sequence
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	c). OOK-4 M=4:different Gold sequence
	f). OOK-1 M=1:different Gold sequence


Figure 5: OOK detector performance of different overlaid sequence 
[bookmark: _Hlk162981923][bookmark: _Hlk159142041]Observation 6: Different OFDM sequences have different impact on OOK detection
· The evaluated ZC sequences with different root cause the largest fluctuation in OOK detection performance.
· The evaluated m-sequences with different generator polynomials and Gold sequences with different initial states lead to marginal fluctuation in OOK detection performance.
2.2.5 How to specify overlaid OFDM sequences 
As discussed in section 2.1, overlaid OFDM sequence could be specified in time domain or frequency domain for both OOK-1 and OOK-4. 
Option 1: time domain overlaid OFDM sequence 
The OFDM sequence is the sequence overlaid per OOK ON symbol before DFT. Different time domain overlaid OFDM sequence per OOK ON symbol is specified for different M, because the sequence length is determined by M. For each M value, Nm_o time domain OFDM sequences are specified which can carry log2 (Nm_o) bits per OOK ON symbol. Existing NR sequence can be considered as starting point, e.g., ZC sequence, m sequence or gold sequence.  
To enable OFDM sequence reception by LP-WUR, not only the OFDM sequence but also each step for OOK-4 waveform generation shown in Figure 6 should be specified. To simply the design, signal generation & modification block and Truncation & modification block can be skipped, only DFT block is to be specified. 
Option 2: frequency domain overlaid OFDM sequence 
The overlaid OFDM sequence is the frequency domain sequence before IFFT.  Since the sequence is specified in frequency domain, how gNB generates the frequency domain sequence can be up to gNB implementation without specifying any blocks for OOK waveform generation before IFFT. 
To specify the sequence, different from option 1, the OFDM sequence length does not vary with M, which is only determined by number of PRBs of LP-WUS. However, still different frequency domain overlaid OFDM sequences should be specified for different M, because different M leads to different time domain ON/OFF pattern (e.g., only 1 OOK symbol for M=2 and 2 OOK symbols for M=4) which in turn results in different frequency domain OFDM sequence. For each M value, it also requires multiple frequency domain OFDM sequence associated with different time domain ON/OFF pattern (e.g., two patterns, [ON OFF] and [OFF ON] for M=2). Moreover, for one time domain ON/OFF pattern, to support OFDM sequences carrying information, multiple frequency domain OFDM sequences is needed. Thus the number of OFDM sequences to be specified for each M value is Nm_t*(Nm_o^Non)，where Nm_t is number of time domain ON/OFF pattern for a M value and Nm_o is the number of overlaid OFDM sequences to carry information per OOK ON symbol and Non is the number of OOK ON symbols per OFDM symbol. Apparently, the total number of frequency domain OFDM sequences to be specified is much larger than time domain OFDM sequence.
Table 1: Number of overlaid OFDM sequences to be specified for given M
	
	 OOK-1
	OOK-4

	Option 1
	 Nm_o
	 Nm_o

	Option 2
	 Nm_o
	Nm_t*(Nm_o^Non) 


Since existing NR sequences in frequency domain may not provide desirable time domain ON/OFF pattern within one OFDM symbol, new sequence would be needed for the frequency domain overlaid OFDM sequence. 



Figure 6: How to specify overlaid OFDM sequence for OOK-4
[bookmark: _Hlk162981978]Proposal 6: Specify overlaid OFDM sequence in time domain for both OOK-1 and OOK-4. 
· Existing sequence such as ZC sequence, m sequence and gold sequence can be the starting point.
· Mapping frequency domain samples after DFT of time domain overlaid OFDM sequence can be considered. 
2.3. OOK-based LP-SS 
In RAN1 #116 meeting, RAN1 discussed 3 options for overlaid OFDM sequence(s) for LP-SS for further down-selection. 
· Option 1: Do not specify the overlaid OFDM sequences(s) 
· Option 2: Specify the overlaid OFDM sequence(s) targeting for OOK waveform generation without targeting for sync and RRM measurement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.
· Option 3: Specify the overlaid OFDM sequence(s) targeting for OOK waveform generation and also targeting for sync and RRM measurement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.
· For Option 3, it is up to RAN4 to make decision on whether/how to define the RRM measurement requirement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.
As is clearly captured in WID, OFDM-based LP-WUR can perform RRM measurement and sync based on existing SSB in time domain without FFT. It is unnecessary to additionally introduce LP-SS with overlaid OFDM sequence for OFDM-based LP-WUR, which apparently increases at least 50% work load for RAN4 RRM work load, i.e., increasing one more case of LP-SS with overlaid OFDM sequence in addition to legacy SSB-based RRM for OFDM detector and LP-SS based RRM for OOK detector, as well as RAN1 and RAN2 workload, e.g., LP-WUR activation/deactivation based on legacy SSB or LP-SS measurement result. It also complicates network configuration and deployment to separately provide proper threshold for SSB and LP-SS. 
For sync and RRM performance, time domain measurement performance of legacy SSB was questioned in last meeting because NR MR typically performs measurement in frequency domain rather than time domain. According to our evaluation, synchronization and RRM measurement requirement can be met by time domain measurement based on legacy SSB. 
RRM measurement performance for SSB at SNR= -3 dB is shown in Figure 7. If we use ±4dB RSRP measurement accuracy and ±2dB RSRQ measurement accuracy as reference assuming 1.5dB margin over RRM measurement accuracy requirements of RAN4 1Rx Redcap UE [5], SSB can meet RSRP and RSRQ measurement requirement by 1 sample under AWGN channel.
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	a). RSRP measurement under AWGN
	b). RSRQ measurement under AWGN


Figure 7: CDF of RSRP & RSRQ measurement accuracy based on SSB at SNR= -3 dB 
Synchronization performance for SSB at SNR= -3 dB is shown in Figure 8. SSB can achieve a synchronization accuracy within 0.13us (1 sample with 7.68MHz sampling rate) with 90% probability at SNR= -3dB. 
[image: ]
Figure 8: SSB synchronization performance under TDL-C channel 
In addition to good synchronization accuracy by SSB, timing error accumulated after SSB detection until LP-WUS reception is much smaller than using LP-SS, due to much shorter periodicity of SSB than LP-SS, e.g., 20ms vs 320ms. Meanwhile, lower power consumption can be achieved, because LP-WUR only needs to keep oscillator on for up to 20ms after sync based on SSB while up to 320ms for LP-SS case. Furthermore, SSB can reduce measurement latency for timely switching between LP-WUR and MR, if needed.  
Another concern is, there may be no CD-SSB located in the same reception bandwidth of LP-WUS. One simple way to solve this is using NCD-SSB. In Rel-17, feasibility of NCD-SSB was studied and confirmed in both RAN1 and RAN4 though NCD-SSB was only supported for RedCap UEs in RRC connected mode due to tight time budget. Alternatively, retuning can be also considered between reception of SSB and LP-WUS with controllable complexity and marginal impact of interruption time, e.g., assuming 1ms gap as considered in NR, if both CD-SSB and NCD-SSB are not available in the reception bandwidth of LP-WUS.  
Based analysis above, there is no clear benefit of LP-SS with overlaid OFDM sequence for OFDM-based LP-WUR, thus option 3 should be excluded. 
Option 1 and option 2 can support overlaid OFDM sequence(s) improving OOK detection performance. The difference is, option 2 specifies certain overlaid OFDM sequence while option 1 leaves it to gNB implementation to generate any OFDM sequence for OOK waveform generation to improve OOK performance. Considering option 1 is more flexible for network implementation and requiring no standard effort, option 1 is preferred.   
[bookmark: _Hlk162982033][bookmark: _Hlk159142054]Observation 7: No clear motivation/benefit to specify overlaid OFDM sequence for OOK-based LP-SS is identified, considering following  
· OFDM detector can perform RRM measurement and sync based on existing SSB in time domain without FFT
· OFDM detector can achieve required RRM accuracy and provide sync reference based on SSB with shorter periodicity than LP-SS for better power consumption and shorter latency. 
· Performance of OOK detector can be improved by overlaid OFDM sequence with or without specification, while the sequence up to gNB implementation provides better flexibility.   
· Support overlaid OFDM sequence for LP-SS in addition to SSB increases work load for RAN1, RAN2 and RAN4 on RRM measurement and LP-WUR activation/deactivation.  
[bookmark: _Hlk159233839][bookmark: _Hlk162982058]Proposal 7: Do not specify overlaid OFDM sequence for OOK-based LP-SS. 
3. [bookmark: _Ref115156542]Number of information bits carried by LP-WUS
3.1. Number of Information bits per LP-WUS
[bookmark: _Hlk163146144][bookmark: _Hlk162454716]For LP-WUS in RRC idle/inactive state, as discussed by RAN2 in SI phase, the subgrouping methods for LP-WUS similar as PEI should be supported for LP-WUS, including CN assigned and UE_ID based subgrouping. No less than 8 subgroups by LP-WUS should be supported to achieve similar or better wake-up granularity as PEI. Waking up multiple subgroups by one LP-WUS similar as PEI can minimize additional effort for existing higher layer implementation. Therefore, at least up to 8 bits should be supported for one PO. If the number of subgroups is further extended in case of larger number of UEs associated with a PO, the upper bound of LP-WUS payload should be larger than 8 bits [6]. 
[bookmark: _Hlk162982071]Proposal 8: No less than 8 subgroups per PO indicated by LP-WUS should be supported for RRC idle/ inactive state. At least 8 bits is supported.  
For LP-WUS in RRC connected state, the main purpose for LP-WUS is to trigger PDCCH monitoring for each UE considering each UE has its specific traffic and data arrival time. Therefore, LP-WUS should provide UE-level wake-up granularity. To carry UE identification information by a LP-WUS, more than 8 bits is needed. For example, if C-RNTI is conveyed by UE-specific LP-WUS, 16 bits is needed. Alternatively, UE-group LP-WUS similar as DCI format 2_6 [3] can be considered to wake up one or multiple UEs in one UE subgroup, which may also require more than ten bits. 
In addition to information on which subgroup(s) or user(s) is/are targeted by the LP-WUS, few bits to accommodate other information can be considered, if the necessity of the other information is identified by RAN2. 
The number of information bits discussed above does not consider CRC. The necessity of CRC and proper length of CRC is separately discussed in section 4.1. 
[bookmark: _Hlk162982377][bookmark: _Hlk159255122]Observation 8: The number of information bits carried by LP-WUS can vary from several bits to a dozen bits for different cases.
[bookmark: _Hlk162982110]Proposal 9: Up to 16 information bits carried by LP-WUS should be supported for RRC connected state.  
Proposal 10: The upper bound of number of information bits carried by LP-WUS (not including CRC) should be 16 bits. The number of information bits per LP-WUS within the upper bound can be flexibly configured by gNB.
3.2. System overhead of LP-WUS
On one hand, the larger number of information bits is carried by LP-WUS, the higher efficiency for wake-up can be achieved from UE’s perspective. On the other hand, from network’s perspective, the system resource overhead of LP-WUS should be reasonably controlled. 
For RRC idle/inactive state, as evaluated in SI phase [4], the overhead of LP-WUS with payload range of 6~24 bits is no larger than 1.9814 % with target coverage of Msg 3 PUSCH without retransmission (SNR = 6.59 dB). In addition, LP-WUS overhead in case of larger effective UE paging rate 3% at a lower SNR, i.e., SNR=0 dB is further evaluated in [6]. The overhead can still be controlled under 4.17% with up to 16 bits payload. 
For RRC connected mode, we perform the resource overhead calculation for both XR traffic and eMBB FTP traffic as below.In Table 1, each LP-WUS occupies 5MHz bandwidth with SCS=30KHz. The time domain resource per LP-WUS is provided in a range between Msg3 PUSCH coverage and PDCCH coverage with AL2. Two options are considered for LP-WUS for UE-level wake-up, including UE ID information by UE-specific LP-WUS or gNB configured wake-up indication bit by UE-group LP-WUS similar as DCI format 2_6.  Several typical payload of LP-WUS is considered in the evaluation, e.g., 8 or 12 bits to carry partial C-RNTI by UE-specific LP-WUS, and 12 bits for group-common LP-WUS to support 16 subgroups and 8 UEs per subgroup, or 16 bits to carry full 16-bits C-RNTI by UE-specific LP-WUS, and for group-common LP-WUS to support 8 subgroups and 13 UEs per subgroup. 
For UE specific LP-WUS indication method, the resource overhead of LP-WUS to the overall system resource can be calculated as formula 1) below. The number of UE configured with LP-WUS per cell denoted as ‘NUE_connected’can be assumed as 10 for XR traffic case (capacity upper bound for XR service in several scenarios), and 10, 20, 40 and 100 for eMBB FTP traffic. Different UEs can use orthogonal LP-WUS resources. The mean traffic interval TTrafficInterval can be assumed as 16.67ms (60FPS) for XR and 200ms for eMBB FTP traffic.  And for group common LP-WUS indication method, the resource overhead of LP-WUS to the overall system resource can be calculated as formula 2) below. Here, we assume the extremely case that LP-WUS is sent every CDRX to wake up UE, if LP-WUS is used to replace DCP. From the network perspective, it can configure numbers of CDRX with different starting time for different UE groups denoted as  e.g., 16 CDRXs or 8 CDRXs for 16 or 8 UE subgroups as discussed above when the number of UE per cell is 100. TCDRXperiodicity  is the configured CDRX periodicity e.g., 160ms. Besides, group common LP-WUS indication can also be applied to C-DRX free LP-WUS operation for the purpose of saving resource overhead. 

                                                        1)

                                                                 2)

Table 1: Resource overhead ratio to the overall system resource for RRC connected mode.
	# of info bits carried by signal
	Subgrouping method
(per UE wake up indication)
	T resources per beam
	Traffic types
	Number of  UE per cell
	System configuration, e.g., BW and etc.
	Overhead (%)

	8
	UE-specific LP-WUS carrying UE ID information
	8~32 symbols
	FTP 3
	10

	100MHz
	0.073%~0.29%

	8
	UE-specific LP-WUS carrying UE ID information
	8~32 symbols
	FTP 3
	20
	100MHz
	0.145%~0.58%

	8
	UE-specific LP-WUS carrying UE ID information
	8~32 symbols
	FTP 3
	40
	100MHz
	0.288%~1.15%

	8
	UE-specific LP-WUS carrying UE ID information
	8~32 symbols
	FTP 3
	100
	100MHz
	0.72%~2.88%

	12
	UE-specific LP-WUS carrying UE ID information
	10~40 symbols
	FTP 3
	10

	100MHz
	0.09%~0.36%

	12
	UE-specific LP-WUS carrying UE ID information
	10~40 symbols
	FTP 3
	20
	100MHz
	0.18%~0.72%

	12
	UE-specific LP-WUS carrying UE ID information
	10~40 symbols
	FTP 3
	40
	100MHz
	0.38%~1.44%

	12
	UE-specific LP-WUS carrying UE ID information
	10~40 symbols
	FTP 3
	100
	100MHz
	0.9%~3.60%

	12
	Group-common LP-WUS
	10~40 symbols
	FTP 3
	100
	100MHz
	0.07%~0.28%

	16
	UE-specific LP-WUS carrying UE ID information
	12 ~ 48 symbols
	FTP 3
	40
	100MHz
	0.456%~1.824%

	16
	UE-specific LP-WUS carrying UE ID information
	12 ~ 48 symbols
	FTP 3
	100
	100MHz
	1.08%~4.32%

	16
	Group-common LP-WUS
	12 ~ 48 symbols
	FTP 3
	100
	100MHz
	0.04%~0.12%

	8
	UE-specific LP-WUS carrying UE ID information
	8~32 symbols
	XR
	10
	100MHz
	0.858%~3.43%

	12
	UE-specific LP-WUS carrying UE ID information
	10~40 symbols
	XR
	10
	100MHz
	1.073%~4.29%



[bookmark: _Hlk162982395]Observation 9: Adopting LP-WUS in the network does marginal impact on the system resource overhead for both RRC idle/inactive and connected modes.
4. Signal structure for LP-WUS/LP-SS
4.1. Signal structure for LP-WUS
· Whether payload is carried by OOK sequence selection or encoded bits 
In SI phase, RAN1 agreed to study two options for LP-WUS payload. One is based on OOK sequence selection, the other is based on encoded bits. RAN1 should down-select one option for LP-WUS as a common design applicable to both RRC idle/inactive state and RRC connected. 
· Option 1: payload is carried by encoded bits. 
· Option 2: payload is carried by OOK sequence selection. 
For option 1, each X OOK symbols is corresponding to one bit, thus totally X*N OOK symbols for N bits (excluding CRC). If no coding is applied, each bit simply maps to X=1 OOK symbol. If Manchester coding is applied, X=2 or X=4. Figure 9-a illustrates an example of bitmap-based sub-grouping indication for 8 subgroups. With Manchester coding, 8 bits subgrouping indication maps to 16 encoded bits, wherein two encoded bits are associated with one subgroup. Figure 9-b illustrates an example of UE-specific LP-WUS carrying C-RNTI, wherein 16 bits C-RNTI maps to 16 encoded bits. 
For option 2, N bits are corresponding to Nseq OOK sequences. Each combination of N bits is corresponding to one of Nseq sequences, where Nseq=2N. The Nseq sequences are well-designed with good cross-correlation. The sequence length Lseq is typically larger than N. 
Option 1 is a simple option with good scalability for various payload size and use cases. It can flexibly support bitmap and/or codepoint by gNB configuration. To achieve satisfied performance, CRC would be needed to reduce the false alarm rate and line coding with controllable data rate can be applied.
Option 2 is less flexible/scalable than option 1 and it requires more standard effort. With small payload, it would be easy to find sufficient number of OOK sequences with good cross-correlation. The sequences should be elaborately selected to achieve target false alarm rate and miss-detection rate with presence of practical timing and frequency error. The larger the payload is, more challenge to find sufficient number of OOK sequences is. Payload N depends on number of subgroups/UE IDs to be indicated simultaneously by a LP-WUS. Figure 9-c illustrates an example for N=3, if only one subgroup of 8 subgroups is to be waken-up per LP-WUS, thus 8 OOK sequences would be sufficient. gNB has to transmit multiple LP-WUS signals to wake-up multiple subgroups/UEs. Figure 9-d illustrates another example for N=8 if up to 8 subgroups is to be waken-up per LP-WUS, then 256 OOK sequences is needed, which would be quite difficult to find 256 sequences with satisfied correlation property.
OOK sequence selection scheme may require different sets of OOK sequences with different sequence length to support different number of information bits, otherwise, always using the same set of OOK sequences based on upper bound of payload size leads to poor resource efficiency. 


Figure 9-a: Example of bitmap-based indication by encoded bits 



Figure 9-b: Example of C-RNTI indication by encoded bits



[bookmark: _Hlk159142124]Figure 9-c: Example of singe subgroup indication by single OOK sequence 



Figure 9-d: Example of multiple subgroups indication by single OOK sequence 

[bookmark: _Hlk162982512]Observation 10: Payload carried by encoded bits provides good scalability for various payload size and flexibility to support different use cases such as bitmap or codepoint, with limited standard effort. CRC and line coding with controllable data rate can be used to achieve satisfied performance. 
Observation 11: Payload carried by OOK sequence selection is less flexible for various payload size and use case, with quite large standard effort to design one or multiple sets of OOK sequences with good cross-correlation property and robustness to timing/frequency error, with reasonable overhead and latency.    
[bookmark: _Hlk159141762]Proposal 11: For common design for RRC idle/inactive and RRC connected mode, RAN1 further discusses pros and cons for OOK sequence selection and encoded bits for LP-WUS payload, with consideration of variable payload sizes up to 16 bits, variable use case (wake-up one and/or multiple UEs simultaneously), target performance, reasonable overhead, robustness to timing and frequency error, latency and standard effort.

· Whether preamble is needed 
Synchronization is critical for LP-WUS detection. For LP-WUR with OOK detector, OOK-4 with M=4 may tolerate less than 2 us timing error and OOK-4 with M=2 can bear up to 3 us timing error. With presence of LP-SS, the timing error Te= ΔT+ Tr is coming from residual timing error Tr from calibration based on LP-SS and additional timing drift ΔT after LP-SS, or Te comes from residual timing error Tr from calibration based on preamble, if preamble is present before payload in each LP-WUS.  
Residual timing error Tr from calibration based on LP-SS depends on LP-SS design, e.g., binary sequence type, sequence length and M for LP-SS. Based on initial evaluation of synchronization performance by LP-WUR OOK detector, residual error Tr from calibration based on LP-SS can be within few samples as shown in Figure 11 in section 4.2. 
If the timing drift ΔT after timing/frequency sync by LP-SS can be within (maximum tolerated timing error – Tr), there is no need of preamble, which can save overhead of LP-WUS, especially when gNB transmits multiple LP-WUS with beam-sweeping, otherwise, the overhead of preamble is inevitable. 
To evaluate maximum timing drift after timing/frequency sync by LP-SS, RAN1 should first achieve common understanding on how to model the timing drift ΔT. 
· Option 1: Assuming LP-SS can correct both time and frequency error or MR can assist to calibrate LP-WUR to correct the frequency error, then, timing drift is derived by the model of transient region, i.e., ΔT = Fr*T ±0.5 * F’ *T2, where Fr is residual frequency error, T is interval between LP-WUS and last LP-SS, and F’ is frequency drift. 
Several examples are provided in the table below. In example 1, it is assumed MR can assist to calibrate LP-WUR frequency error, when MR is on. Assuming paging rate =1% and I-DRX cycle =1.28s, maximum interval between LP-SS and last time UE turns on MR is 128s. Then, Fr is frequency drift over 128s, i.e., Fr= ΔF = ±F’ * T1=0.1ppm/s*128s=12.8ppm. For this case, ΔT exceeds the maximum tolerated timing error, even when LP-SS periodicity is as short as160ms. In example 2 to example 4, Fr is based on frequency correction by LP-WUR, e.g., by using two filters at different frequency point, or assisted by MR if MR can turn on with shorter periodicity, e.g., relaxed MR RRM measurement.  0.39us Tr is assumed according to Figure 11. It can be seen, with 320 ms periodicity, ΔT can be controlled within the maximum tolerated timing error, but ΔT becomes much larger than the maximum tolerated timing error when LP-SS periodicity extends to 1.28s.  
Table 2: Examples for ΔT with different Fr and T
	
	Residual frequency error: Fr
	LP-SS periodicity: T
	Residual timing error: Tr
	Maximum accumulated time error : ΔT

	Necessity of Preamble

	Example 1
	12.8ppm 

	160ms
	0.39us
	2.44 us >2us
	Yes

	Example 2
	2.5ppm
	320ms
	0.39us
	1.20us < 2us
	No

	Example 3
	2.5ppm
	1.28s
	0.39us
	3.59us > 2us
	Yes

	Example 4
	5 ppm
	320ms
	0.39us
	1.99us <2us
	No





Figure 10: worst case for timing error correction by LP-SS 
· Option 2: Assuming LP-SS can NOT correct frequency error or MR can NOT assist to calibrate LP-WUR to correct the frequency error, then, timing drift is derived by the model of linear region, i.e., ΔT = ±Fe * T. 
For example, Fe = 10ppm, T =320 ms (assuming LP-SS periodicity is 320ms, and LP-WUS is located right before the next LP-SS), ΔT = 3.2 us. Then, total timing error Te= ΔT+ Tr = 3.2 us+0.13us =3.33 us, which is larger than tolerant timing error of LP-WUS. Thus, LP-WUS preamble is needed.
Apparently, different assumption of whether LP-SS/MR can assist LP-WUR with OOK detector to correct the frequency error determines the necessity of preamble. RAN1 should discuss whether/how to correct frequency error and the achievable accuracy, i.e., value of Fr, and conclude the assumption as early as possible. Besides, early decision on the periodicity of LP-SS is also helpful for preamble discussion. 
[bookmark: _Hlk159142146]Observation 12: Whether preamble is needed highly depends on the assumption of capability of frequency error correction by LP-WUR with OOK detection of LP-SS and/or by the aid of MR, and the assumption of LP-SS periodicity. 
[bookmark: _Hlk159141819]Proposal 12: To decide the necessity of preamble, RAN1 first discusses the assumption on the frequency error correction by OOK-based LP-WUR using LP-SS and/or by the aid of MR, and LP-SS periodicity. 
4.2. Signal structure for LP-SS
In RAN1#116 meeting, it was agreed that LP-SS is based on binary sequence(s).  For LP-SS OOK sequence design, depending on the mechanism to handle inter-cell interreference and distinguish of the serving cell, there can be two alternatives as listed in the table. Comparing with Alternative 2, alternative 1 with single OOK sequence requires less standard effort at cost of less flexibility for deployment which highly depends on coordination and synchronization among neighbouring cells, while alternative 2 needs evaluation of LP-SS performance with presence of inter-cell interference, e.g., overlapped LP-SS among neighbouring cells. Considering smaller coverage of LP-SS received by LP-WUR than legacy SSB received by MR, it would be sufficient to provide, e.g., 3 or 6 OOK sequences, to differentiate neighbouring cells,   
Table 3: Comparison of single and multiple OOK sequences pool for LP-SS
	Alternative 1: Single OOK sequence 
	Alternative 2: Multiple OOK sequences 

	· The standard specifies the single sequence, which is applicable to all cells. 
· Use different time location to differentiate LP-SS from different cells.
· Avoid inter-cell interference by TDM of LP-SS from different cells
· Standard specifies single OOK sequence with good auto-correlation to guarantee sync and RRM accuracy. 
	· The standard specifies multiple sequences, and gNB configures one sequence for a cell.  
· Use different sequence to differentiate LP-SS from different cells. 
· Reduce inter-cell interference by proper sequence allocation for different cells.
· Standard specifies multiple OOK sequences with good auto-correlation & cross-correlation to guarantee sync and RRM accuracy. 


[bookmark: _Hlk159141858]The OOK sequence length is determined by RRM and sync measurement requirement. The sequence can be chosen from existing NR binary sequences, e.g., m sequence or Gold sequence, or new computer searched sequence can be considered, which provides good auto-correlation & cross-correlation. Besides, balanced 0 and 1 in the sequence is also desirable to facilitate threshold setting based on mean value and easier noise/interference estimation and cancellation for RRM measurement.  
[bookmark: _Hlk163049880]Initial evaluation on sync performance achievable by LP-SS is provided in Figure 11, more simulation assumptions can be found in Appendix 9.2. OOK sequence length of 8 or 16 would be sufficient to keep sync error no larger than 0.39us or 0.65us with 90% probability at SNR=0dB.  It can be seen from the figure that when LP-SS occupies the same resources, the larger M is, the better the synchronization performance is. Because a larger M will result in a shorter OOK chip, the correlation peak of the synchronization sequence will be sharper, which will make the synchronization performance better. In addition, the sharpness of the correlation peak is also related to the sequence design of LP-SS. Furthermore, as evaluated in section 5.1, OOK sequence length of 8 or 16 is also sufficient for RRM measurement requirement. 
[image: ]
Figure 11: Synchronization performance for LP-SS
[bookmark: _Hlk162982585]Proposal 13: RAN1 discusses single OOK sequence or multiple OOK sequences is needed for LP-SS, with consideration of RRM and sync accuracy, robustness to inter-cell interference and standard effort. 
· For single sequence, RAN1 specifies the single sequence, which is applicable to all cells.
· For multiple sequences, RAN1 specifies multiple sequences, e.g., 3 or 6 sequences, and gNB configures one sequence for a cell. 
· The sequence(s) can be chosen from existing NR binary sequence, such as m or gold sequence, or new computer searched sequence which provides good auto-correlation and cross-correlation and balanced 0 and 1, with sequence length =8 or 16. 
5. LP-WUS/LP-SS resource and coding 
5.1. LP-SS periodicity
LP-SS serves synchronization and RRM measurement purpose. LP-SS periodicity should be determined considering both synchronization and RRM measurement. 
For RRM, the number of LP-SS samples within 1.28s I-DRX cycle to achieve measurement accuracy under SNR= -3 dB is evaluated. The evaluated SNR = -3 dB is lower than required SNR for Msg3 PUSCH coverage (SNR=6.59dB) to reserve margin for timely deactivation of LP-WUS. Cases with M=2, 4 and 8 but same overhead of 2 OFDM symbols are evaluated. In our simulation, LP-WUR will first use LP-SS for synchronization, then use OOK ON chip for signal power estimation and OOK OFF chip for noise estimation for RSRP and RSRQ measurement. It can be seen that M value barely impact RRM performance, though the synchronization performance is slightly different for different M. 
Considering limited capability of LP-WUR, existing RAN4 requirement for absolute SS-RSRP and SS-RSRQ for 1 Rx Redcap UE is more proper than the requirement for normal UE as reference. Meanwhile, a certain margin for accuracy should be reserved for RAN4. Therefore, we use ±4dB RSRP measurement accuracy and ±2dB RSRQ measurement accuracy as reference assuming 1.5dB margin over RRM measurement accuracy requirements of RAN4 1Rx Redcap UE [5]. 
Based on our evaluation, LP-SS can meet RSRP measurement requirement by 2 samples and meet RSRQ measurement requirement by 3 samples at SNR = -3 dB under TDL-C channel.
· For RSRP accuracy requirement within range ±4dB for 90% measurements, 
· For SNR = -3 dB under TDL-C channel, LP-SS, RSRP measurement with 1 sample are almost within accuracy range (5.04+4.32)/2=4.68dB
· For SNR = -3 dB under TDL-C channel, LP-SS, RSRP measurement with 2 sample are almost within accuracy range (3.48+2.88)/2=3.18dB
· For RSRQ accuracy requirement within range ±2dB for 90% measurements, 
· For SNR = -3 dB under TDL-C channel, LP-SS, RSRQ measurement with 2 sample are almost within accuracy range (2.58+1.9)/2=2.24dB 
· For SNR = -3 dB under TDL-C channel, LP-SS, RSRQ measurement with 3 sample are almost within accuracy range (1.94+1.64)/2=1.79dB
Correspondingly, required LP-SS periodicity is approximately 400ms. To reuse existing periodicity candidates, 320ms is preferred. 
	[image: ]
	[image: ]

	a).RSRP measurement with 1 sample
	b). RSRP measurement with 2 sample

	[image: ]
	[image: ]

	c). RSRQ measurement with 2 sample
	d). RSRQ measurement with 3 sample


Figure 12: CDF of RSRP & RSRQ measurement accuracy based on LP-SS at SNR= -3 dB 

Observation 13: For RRM measurement purpose, UE can satisfy RSRP measurement accuracy based on 2 LP-SS samples and satisfy RSRQ measurement accuracy based on 3 LP-SS samples at SNR = -3dB under TDL-C channel. Correspondingly, 320ms periodicity for LP-SS is needed.  
For synchronization, larger LP-SS periodicity results in larger timing and frequency drift before LP-WUS reception. OOK detection is insensitive to frequency error, so the bottleneck is timing error caused by large LP-SS periodicity. As analysed in section 4.1, if LP-SS periodicity is larger than 320ms, e.g., 1.28s, the timing drift after LP-SS detection would be more than 3us, which would materially degrade OOK detection performance, if no additional synchronization is performed. Consequently, preamble is needed, which in turn increases the overhead for LP-WUS. The overall network overhead and power consumption for LP-SS with larger periodicity plus preamble in every LP-WUS versus LP-SS with smaller periodicity without preamble highly depends on transmission probability of LP-WUS, time domain resource per LP-SS and time domain resource per preamble. Table 4 provides overhead comparison for various cases. It can be seen that all cases except when =10 and  =4 (gNB transmits only 3 LP-WUS per second), overall overhead for LP-SS with larger periodicity + preamble for LP-WUS is much larger than LP-SS alone with 320ms periodicity case. 
Table 4: Resource overhead ratio to the overall system resource for RRC idle/inactive mode
	[bookmark: _Hlk162866747]
	T resources per beam
	LP-SS periodicity
	Number of paged UE per cell per second  
	Number of UE per WUS group 
	Overhead (%)

	LP-SS only
	2 symbols LP-SS
	320ms
	No impact on overhead
	No impact on overhead
	0.009%

	LP-SS + preamble in LP-WUS
	2 symbols LP-SS
2 symbols Preamble
	1.28s
	10
	4

	0.007%


	LP-SS + preamble in LP-WUS
	2 symbols LP-SS
2 symbols Preamble
	1.28s
	10
	1

	0.032%


	LP-SS + preamble in LP-WUS
	2 symbols LP-SS
2 symbols Preamble
	1.28s
	39
	4

	0.032%


	LP-SS + preamble in LP-WUS
	2 symbols LP-SS
2 symbols Preamble
	1.28s
	39
	1

	0.112%


Observation 14: For synchronization purpose, LP-SS with larger periodicity of 320ms + preamble in LP-WUS leads to much larger overhead than LP-SS with 320ms periodicity without preamble for both IoT and eMBB cases except when Number of paged UE per cell per second =10 and Number of UE per WUS group=4.   
[bookmark: _Hlk159141881]Proposal 14: Support at least 320ms periodicity for LP-SS. FFS other values, if needed.  
5.2. Frequency resource for LP-WUS/LP-SS
In SI phase, RAN1 evaluated LP-WUS performance based on transmission bandwidth without considering any guard PRB, and left guard band size to RAN4 study. RAN4 observed the number of guard PRBs can be in a range of 1RB ~ 6RBs for 30KHz SCS and 2 RBs ~12 RBs for 15KHz for ACS, and 0RB ~ 1RB for 30KHz SCS and 0 RB ~2 RBs for 15KHz for ASCS. With such large range of guard PRBs, it would be difficult for RAN1’s discussion on LP-WUS/LP-SS bandwidth including guard PRBs. 
Considering bandwidth is fundamental for LP-WUS/LP-SS design and evaluations, e.g., different options for carrying information by LP-WUS, LP-SS sequence length, number of samples of LP-SS per I-DRX cycle for RRM measurement, and these aspects are more relevant to the transmission bandwidth rather than the guard band, it is reasonable to firstly determine the bandwidth for LP-WUS/LP-SS without guard band by RAN1 rather than waiting for RAN4’s progress of further narrowing down guard band and then determines occupied PRBs for LP-WUS/LP-SS. Since most evaluation work in SI phase was based on 4.32MHz occupied bandwidth and it was proved that LP-WUS with such bandwidth can achieve required accuracy with marginal system overhead. Therefore, it is reasonable to adopt 4.32MHz bandwidth without guard PRBs, i.e., 12 PRBs for 30KHz SCS and 24 PRBs for 15KHz SCS, at least targeting for channel bandwidth larger than 5MHz. For example, LP-WUS on 12 PRBs plus largest size for ACS of 12 PRBs as guard band can still be confined within 10MHz channel bandwidth. For channel bandwidth no larger than 5MHz, RAN1 can further study the bandwidth for LP-WUS/LP-SS depending on RAN4’s progress on ACS & ASCS guard PRBs. 
It is still open whether single or different bandwidths is supported for different RRC modes, and whether single or different bandwidths is supported for LP-WUS and LP-SS. On one hand, supporting multiple bandwidths provides better flexibility and resource efficiency, e.g., considering different performance requirement for different purposes of LP-WUS in RRC connected and RRC idle/inactive mode, different function of LP-WUS and LP-SS. On the other hand, the support of multiple bandwidths increases complexity for LP-WUR, e.g., multiple RF/IF/BB BPFs with different bandwidth are needed before RF/IF/BB envelop detection. Considering other dimension of resources, e.g., time resource, can also be utilized to adjust the total resource for LP-WUS to achieve different requirements, using single bandwidth for all cases to reduce LP-WUR complexity is a reasonable choice. 
Another issue for frequency resource is the frequency location of LP-WUS/LP-SS. On one hand, for flexible deployment, LP-WUS/LP-SS may not need to confine within initial DL BWP, e.g., if gNB intends to offload LP-WUS/LP-SS to other BWPs to reduce the impact on legacy operation in initial DL BWP. Furthermore, LP-WUS/LP-SS may even be offloaded to other carriers, e.g., to Scell to avoid any blocking in Pcell. On the other hand, it would be infeasible to support arbitrary frequency location for LP-WUS/LP-SS by LP-WUR. The detailed discussion on the set of candidate locations is to be discussed in RAN4. From RAN1’s perspective, the frequency resource configuration and LP-WUS/LP-SS transmission mechanism should be capable to support flexible location of LP-WUS/LP-SS.  
[bookmark: _Hlk159141907]Proposal 15: From RAN1’s perspective, support LP-WUS and LP-SS bandwidth of 12 PRBs for 30KHz and 24 PRBs for 15KHz excluding guard RB, for both RRC idle/inactive and RRC connected state, for channel bandwidth larger than 5MHz. 
· FFS channel bandwidth no larger than 5MHz

Proposal 16: Support flexible frequency location of LP-WUS/LP-SS, which can be independent from DL initial BWP as well as the carrier serving MR.   
5.3. Coding for LP-WUS/LP-SS 
For LP-WUS, if payload is carried by encoded bits, simple line coding, i.e., Manchester coding should be considered to improve reliability of OOK symbols and provide an embedded clock. gNB can adjust coding rate to cope with channel environment as well as overhead. Coding rate = 1/2 and 1/4 can be supported for different coverage.    
For LP-SS, the performance of LP-SS can be guaranteed by sufficient sequence length. The overhead of LP-SS may be controlled by gNB by adjusting M for OOK-4. Manchester coding should not be applied because the coding would destroy the sequence correlation property. 
[bookmark: _Hlk159141922]Proposal 17: Support Manchester coding for LP-WUS. Not support Manchester coding for LP-SS. 
6. Target coverage of LP-WUS and LP-SS
In RAN1 #116 meeting, it was agreed that companies are encouraged to report the SNR to achieve the coverage of PUSCH for message3 for RAN1 evaluation purpose. The associated assumptions including bandwidth, noise figure, antenna element gain for LP-WUR, number of Tx chains for LP-WUS/LP-SS transmission, MIL value of Msg 3 is to be reported together with the SNR.
It is observed that the bandwidth is used to calculate both the total transmitted signal power and effective noise power in MIL calculation, the impact of bandwidth size can be cancelled when determining SNR for LP-WUS and LP-SS from MIL of PUSCH for message 3.
[bookmark: _Hlk163121253]For the number of Tx chains of LP-WUS/LP-SS transmission and the number of Rx chains of PUSCH for message3, there is a note assuming the same number applied for both in last meeting. Considering for given number of total antenna elements, gNB can have different schemes to provide beamforming and diversity gain for WUS transmission and PUSCH for message 3 reception, it is better to keep the flexibility for selecting number of Tx chains of LP-WUS/LP-SS transmission without constrained to the number of Rx chains of PUSCH for message 3 only. Further, the number of Tx chains of LP-WUS/LP-SS transmission impacts on both beamforming gain (reflected in link budget calculation) and diversity gain (reflected in LLS). For example, when the number of Tx chains increase, the corresponding beaming gain decreases, which results in a smaller SNR required to achieve the same coverage, i.e., MIL value of PUSCH for message 3; on the other hand, the increased number of Tx chain can improve the diversity gain which compensates the decreased beamforming gain, if good transmit diversity gain is applied in LLS. Therefore, when the number of Tx chains is larger than 1, good transmit diversity scheme shall be considered in the LLS to provide the diversity gain, otherwise, more time and frequency resources are required to achieve the smaller SNR calculated from link budget due to decreased beamforming gain. 
For the antenna gain correction factor in Antenna gain component 2 and	Antenna gain component 3&4 at gNB side, the same values on the antenna gain correction factors shall be assumed in MIL calculation for PUSCH for message 3 and WUS, since it accounts for various non-idealities impacting the actual gain of antenna gain component.  
Observation 15: When determining SNR for LP-WUS and LP-SS from MIL of PUSCH for message 3, different assumptions on WUS bandwidth sizes don’t affect the obtained SNR value.
Observation 16: When determining SNR for LP-WUS and LP-SS from MIL of PUSCH for message 3, different assumptions on the number of Tx chains of LP-WUS/LP-SS transmission affect the obtained SNR value.
Observation 17: When the number of Tx chains of LP-WUS/LP-SS transmission is larger than 1, good transmit diversity scheme shall be considered in the LLS to provide the diversity gain.
Based on the analysis above, the SNR to achieve the coverage of PUSCH for message 3, together with the associated assumptions are reported in table 5 and more detailed assumptions for the link budget table are provided in Appendix 9.3.

Table 5 The SNR to achieve the coverage of PUSCH for message3 for OOK-based LP-WUR and OFDM-based LP-WUR
	
	Bandwidth for LP-WUS signal (MHz)
	NF for LP-WUR (dB)
	Gain of antenna element (dBi) assumed for LP-WUR: 
e.g., -3 dBi for redcap UE and e.g., 0dBi for non-redcap UE
	# of Tx chains for LP-WUS/LP-SS transmission, e.g., 2
Note: The number of Tx chains for LP-WUS/LP-SS transmission is assumed the same as the number of RX chains for MSG3 reception

	MIL value of MSG3: taking redcap UE /non-redcap UE @dense urban 2.6GHz

	The SNR (dB) to achieve the coverage of PUSCH for message3

	vivo-01 
	4.32
	12
	0
	# of Tx chains for WUS: 1
# of Rx chains for MSG3: 2
	non-redcap UE
141.85
	6.59

	vivo-02
	4.32
	12
	0
	# of Tx chains for WUS: 2
# of Rx chains for MSG3: 2
	non-redcap UE
141.85
	3.58

	vivo-03
	4.32
	9.5
	0
	# of Tx chains for WUS: 1
# of Rx chains for MSG3: 2
	non-redcap UE
141.85
	8.59

	vivo-04
	4.32
	9.5
	0
	# of Tx chains for WUS: 2
# of Rx chains for MSG3: 2
	non-redcap UE
141.85
	5.58

	vivo-05
	4.32
	12
	-3
	# of Tx chains for WUS: 1
# of Rx chains for MSG3: 2
	redcap UE
138.85
	6.59

	vivo-06
	4.32
	12
	-3
	# of Tx chains for WUS: 2
# of Rx chains for MSG3: 2
	redcap UE
138.85
	3.58

	vivo-07
	4.32
	9.5
	-3
	# of Tx chains for WUS: 1
# of Rx chains for MSG3: 2
	redcap UE
138.85
	8.59

	vivo-08
	4.32
	9.5
	-3
	# of Tx chains for WUS: 2
# of Rx chains for MSG3: 2
	redcap UE
138.85
	5.58


Proposal 18: Use the SNR for OOK-based LP-WUR and OFDM-based LP-WUR listed in Table 5 for RAN1 evaluation.
7. Evaluation assumptions for LP-WUS and LP-SS 
To evaluate the performance of different designs for LP-WUS and LP-SS, e.g., overlaid OFDM sequence design, the channel structure for LP-WUS and LP-SS, as well as determination of time and frequency resource size, evaluation assumptions should be given first.  The evaluation assumptions made in SI phase can be used as baseline and updates can be further considered to include parameters for overlaid OFDM sequence. 
Details for the suggested evaluation assumptions for LP-WUS and LP-SS are provided in table 6 in appendix 9.1 with updates highlighted in cyan.
Further, considering the frequency and time error has critical impact on both LP-SS periodicity and the design of LP-WUS channel structure, e.g., whether a preceded preamble is needed. It’s better to provide detailed assumptions on the frequency and time error modeling for both OOK-based LP-WUR and OFDM-based LP-WUR.  The suggested assumptions on frequency and time error modeling are provided in table 7 in appendix 9.1. 
[bookmark: _Hlk159234132]Proposal 19: Use table 6 and table 7 in appendix 9.1 as evaluation assumptions for LP-WUS and LP-SS. 
8. Conclusion
In this contribution, we provide our views on LP-WUS and LP-SS design aspects. The observations and proposals are summarized as follows
Observation 1: gNB can configure Nm_o=1 or Nm_o>1 overlaid OFDM sequences to carry information bit(s). 
· If single OFDM sequence is configured, LP-WUR can obtain 1 bit information by the presence of the OFDM sequence in each OOK chip or each several OOK chips (2 or 4), without or with Manchester coding. The LP-WUR has to receive all OOK chips of the LP-WUS without early termination, but the performance would be much better than multiple sequence case. 
· If multiple OFDM sequences are configured, Option 1 can enable earlier termination of LP-WUS reception than option 2, while option 1 is more complicated than option 2 to determine how many OOK symbols to be received to obtain all information bits, especially when Manchester coding is not applied.  
Observation 2: For OFDM detector, as the number of overlaid OFDM sequences per OOK ON symbol increases, the performance degrades under same frequency and time error.
Observation 3:  For OFDM detector, design with less overlaid OFDM sequences per OOK ON symbol is more tolerant to large time and frequency error. 
Observation 4: For single overlaid OFDM sequence per OOK ON symbol, the OFDM detector performance for different types of sequences is similar among different types of sequences. For 2 or 4 overlaid OFDM sequences per OOK ON symbol, detection performance for different types of sequences differs, especially under larger time and frequency error.  
Observation 5: Mapping frequency domain samples to existing QAM constellation has negligible impact on OFDM detection performance. 
Observation 6: Different OFDM sequences have different impact on OOK detection
· The evaluated ZC sequences with different root cause the largest fluctuation in OOK detection performance.
· The evaluated m-sequences with different generator polynomials and Gold sequences with different initial states lead to marginal fluctuation in OOK detection performance.
Observation 7: No clear motivation/benefit to specify overlaid OFDM sequence for OOK-based LP-SS is identified, considering following  
· OFDM detector can perform RRM measurement and sync based on existing SSB in time domain without FFT
· OFDM detector can achieve required RRM accuracy and provide sync reference based on SSB with shorter periodicity than LP-SS for better power consumption and shorter latency. 
· Performance of OOK detector can be improved by overlaid OFDM sequence with or without specification, while the sequence up to gNB implementation provides better flexibility.   
· Support overlaid OFDM sequence for LP-SS in addition to SSB increases work load for RAN1, RAN2 and RAN4 on RRM measurement and LP-WUR activation/deactivation.  
Observation 8: The number of information bits carried by LP-WUS can vary from several bits to a dozen bits for different cases.
Observation 9: Adopting LP-WUS in the network does marginal impact on the system resource overhead for both RRC idle/inactive and connected modes.
Observation 10: Payload carried by encoded bits provides good scalability for various payload size and flexibility to support different use cases such as bitmap or codepoint, with limited standard effort. CRC and line coding with controllable data rate can be used to achieve satisfied performance. 
Observation 11: Payload carried by OOK sequence selection is less flexible for various payload size and use case, with quite large standard effort to design one or multiple sets of OOK sequences with good cross-correlation property and robustness to timing/frequency error, with reasonable overhead and latency.    
Observation 12: Whether preamble is needed highly depends on the assumption of capability of frequency error correction by LP-WUR with OOK detection of LP-SS and/or by the aid of MR, and the assumption of LP-SS periodicity. 
Observation 13: For RRM measurement purpose, UE can satisfy RSRP measurement accuracy based on 2 LP-SS samples and satisfy RSRQ measurement accuracy based on 3 LP-SS samples at SNR = -3dB under TDL-C channel. Correspondingly, 320ms periodicity for LP-SS is needed.  
Observation 14: For synchronization purpose, LP-SS with larger periodicity of 320ms + preamble in LP-WUS leads to much larger overhead than LP-SS with 320ms periodicity without preamble for both IoT and eMBB cases except when Number of paged UE per cell per second =10 and Number of UE per WUS group=4.   
Observation 15: When determining SNR for LP-WUS and LP-SS from MIL of PUSCH for message 3, different assumptions on WUS bandwidth sizes don’t affect the obtained SNR value.
Observation 16: When determining SNR for LP-WUS and LP-SS from MIL of PUSCH for message 3, different assumptions on the number of Tx chains of LP-WUS/LP-SS transmission affect the obtained SNR value.
Observation 17: When the number of Tx chains of LP-WUS/LP-SS transmission is larger than 1, good transmit diversity scheme shall be considered in the LLS to provide the diversity gain.

Proposal 1: Support unified specification for OOK-4 and OOK-1 based on DFT, with M=1, 2 and 4 for LP-WUS and LP-SS. FFS M=8 for LP-SS. 
Proposal 2: Support following 3 cases for overlaid OFDM sequence: 
· Case 1: OFDM sequence does not carry information. It is up to gNB implementation to transmit an overlaid OFDM sequence.
· Case 2: OFDM sequence does not carry information. gNB configures single known sequence. 
· Case 3: OFDM sequence carries information. gNB configures a set of Nm_o sequences, one of the Nm_o sequences can be transmitted to carry bits, Nm_o ≥1. 
Proposal 3: RAN1 further discusses following two cases for carrying information by OFDM sequence(s) with consideration of detection performance, LP-WUR complexity and power consumption,  
· Case 3-1: Single OFDM sequence is configured in each OOK ON chip. The overlaid OFDM sequence carry single bit in each OOK chip or each two or four OOK chips, depending on Manchester coding. OFDM-based LP-WUR can obtain the whole information bits by the OFDM sequence across all OOK chips of the LP-WUS.
· Case 3-2: Multiple OFDM sequences is configured in each OOK ON chip. OFDM-based LP-WUR can obtain the whole information bits by the OFDM sequences in first several OOK chips of the LP-WUS.
· Option 1: The overlaid OFDM sequence(s) carry part of information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by OFDM sequence(s) and location of the OFDM sequence(s)/OOK symbols. 
· Option 2: The overlaid OFDM sequence(s) carry all information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by OFDM sequence(s).
Proposal 4: Information bits repetition by overlaid OFDM sequence(s) in OFDM symbols of the LP-WUS without additional overhead can be considered.  
Proposal 5: The overlaid OFDM sequence should consider following metrics:   
· Not compromise OOK detection performance. 
· Have at least good cross-correlation property. 
· Have limit impact on existing gNB implementation.
Proposal 6: Specify overlaid OFDM sequence in time domain for both OOK-1 and OOK-4. 
· Existing sequence such as ZC sequence, m sequence and gold sequence can be the starting point.
· Mapping frequency domain samples after DFT of time domain overlaid OFDM sequence can be considered. 
Proposal 7: Do not specify overlaid OFDM sequence for OOK-based LP-SS. 
Proposal 8: No less than 8 subgroups per PO indicated by LP-WUS should be supported for RRC idle/ inactive state. At least 8 bits is supported.  
Proposal 9: Up to 16 information bits carried by LP-WUS should be supported for RRC connected state.  
Proposal 10: The upper bound of number of information bits carried by LP-WUS (not including CRC) should be 16 bits. The number of information bits per LP-WUS within the upper bound can be flexibly configured by gNB. 
Proposal 11: For common design for RRC idle/inactive and RRC connected mode, RAN1 further discusses pros and cons for OOK sequence selection and encoded bits for LP-WUS payload, with consideration of variable payload sizes up to 16 bits, variable use case (wake-up one and/or multiple UEs simultaneously), target performance, reasonable overhead, robustness to timing and frequency error, latency and standard effort.
Proposal 12: To decide the necessity of preamble, RAN1 first discusses the assumption on the frequency error correction by OOK-based LP-WUR using LP-SS and/or by the aid of MR, and LP-SS periodicity. 
Proposal 13: RAN1 discusses single OOK sequence or multiple OOK sequences is needed for LP-SS, with consideration of RRM and sync accuracy, robustness to inter-cell interference and standard effort. 
· For single sequence, RAN1 specifies the single sequence, which is applicable to all cells.
· For multiple sequences, RAN1 specifies multiple sequences, e.g., 3 or 6 sequences, and gNB configures one sequence for a cell. 
· The sequence(s) can be chosen from existing NR binary sequence, such as m or gold sequence, or new computer searched sequence which provides good auto-correlation and cross-correlation and balanced 0 and 1, with sequence length =8 or 16. 
Proposal 14: Support at least 320ms periodicity for LP-SS, FFS other values, if needed.  
Proposal 15: From RAN1’s perspective, support LP-WUS and LP-SS bandwidth of 12 PRBs for 30KHz and 24 PRBs for 15KHz excluding guard RB, for both RRC idle/inactive and RRC connected state, for channel bandwidth larger than 5MHz. 
· FFS channel bandwidth no larger than 5MHz
Proposal 16: Support flexible frequency location of LP-WUS/LP-SS, which can be independent from DL initial BWP as well as the carrier serving MR.  
Proposal 17: Support Manchester coding for LP-WUS. Not support Manchester coding for LP-SS. 
Proposal 18: Use the SNR for OOK-based LP-WUR and OFDM-based LP-WUR listed in Table 5 for RAN1 evaluation.
Proposal 19: Use table 6 and table 7 in appendix 9.1 as evaluation assumptions for LP-WUS and LP-SS. 
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Appendix
9.1 Evaluation Assumptions for LP-WUS and LP-SS
Table 6: Table 6.2-2 in TR38.869 with updates in cyan
	Attributes
	Assumptions

	Carrier Frequency
	2.6GHz/4GHz/700MHz

	Waveform
	OOK with overlaid OFDM sequence(s) 
Company to report which option for OOK is used

	Channel structure
	-	Option 1: Sync signal /sequence+ payload + w/wo CRC,
-	Option 2: Sequence (s) only, w/wo sync sequence(s) included
-	Option 3: Payload+ w/wo CRC,
-	Other options are not precluded
-	Company to report the sequence length, payload size, CRC length (may or may not be presence).

	SCS of OFDM generator for NR signal
	30kHz/15KHz

	Configuration for LP-WUS signal
	For OOK waveform,
-	Option 1a: M=1 and SCSs = 15kHz (same as NR signal)
-	Option 1b: M=1 and SCSs = 30kHz (same as NR signal)
-	Option 2a: M =2/4/8 for SCS = 15KHz (same as NR signal)
-	Option 2b: M =2/4/8 for SCS = 30 kHz (same as NR signal)
· Note: M is referred to the definition of "M" in the agreements for OOK-1/4  
For overlaid OFDM sequence(s), 
N=1,2,4,8
Note: N is referred to the number of  overlaid OFDM sequence(s) which can be used for OOK ‘ON’ symbol 
 Other options are up to companies to report

	WUS duration
	Number of OFDM symbols: e.g., 1,2,4, 8, 16,24 symbols 

	MDR/FAR assumption
	The miss-detection rate (MDR) of LP-WUS 1%,
The false-alarm rate (FAR) of LP-WUS
-	0.1%, 1%
-	Other values are not precluded for studying, reported by companies
Note: if LP-WUS for wake-up indication consists of two parts or even multiple parts, the proposed MDR/FAR should take into account the reception performance of the two or more parts jointly
The above values are applied in both RRC CONNECTED and IDLE/INACTIVE mode.

	Code scheme
	Companies to report, if any, the coding scheme (e.g., Manchester code or any other schemes) and the code rate (e.g., 1/2, 1/4, ….)

	gNB Channel BW 
	20MHz, FFS other values

	LP-WUS BW
	Option 1:
-	5MHz including subcarriers for guard band
-	4.32MHz (i.e.,12 RBs) for LP-WUS transmission for 30kHz SCS
Option 2:
-	{2.16, 4.32} MHz including subcarriers for guard band 
-	1.44MHz, 2.88MHz (i.e.{4, 8} RBs) for LP-WUS transmission for 30kHz SCS
Other options are up to companies to report
GB is symmetrically placed on each side of LP-WUS

	Filter 
	X-th Order filter (e.g. Butterworth, Chebyshev, …) with Y MHz bandwidth,
-	X = {3, 5}
-	Companies to report Y
Companies to report any other assumptions if needed

	Adjacent subcarrier interference
	PDSCH mapped on resources other than that for WUS and guard band; 
EPRE of LP-WUS / EPRE of PDSCH =ρ, where ρ=0 dB as baseline, ρ= {3, 6} dB as optional

	Sampling Rate
	Companies to report.

	ADC bit width
	1-bit, 4-bit, 8-bit, ideal and other options are not precluded

	Channel Model
	See link coverage assumption table (Refer to Table 6.2-1)

	Impairment modelling
	Frequency and time error model is referred to Table 7
Phase noise up to company report, e.g. the modelling used for 802.11ba
Other cell interference is up to company to report



Table 7: Timing and frequency error modeling
	Attributes
	Assumptions

	Frequency error model
	Model 1 in TR 38.869: Frequency displacement (Fd), defined as the difference between ideal frequency and frequency due to 1) clock drifting (ΔF); and 2) residual frequency error from previous synchronization/calibration (Fr), is given as Fd (ppm)=ΔF (ppm) +Fr(ppm)

	ΔF (ppm) 
	Companies to report which option is used in Table 6.2-3 in TR38.869

	Fr(ppm)
	Companies to report which option is assumed, Fr value and how to achieve Fr 
Option 1: LP-WUR can correct the frequency error, e.g., if MR can assist to calibrate LP-WUR to correct the frequency error or if LP-WUR can only correct the frequency error based on LP-WUS synchronization signal
Option 2: LP-WUR cannot correct the frequency error



	Attributes
	Assumptions

	Time error model
	Model 1 in TR 38.869: Time error (Te) before detection of a current sync signal is defined as the difference between ideal time of the current sync signal and the time error due to 1) clock time drift (ΔT); and 2) residual time error from previous synchronization/calibration (Tr); Te= ΔT+ Tr

	ΔT
	Companies to report ΔT, and how to achieve ΔT, e.g., assumptions on ΔF, Fr and Fe 

	Tr
	Companies to report Tr value and how to achieve Tr



[bookmark: _Hlk163124112]9.2 Simulation assumptions
Table 8:  Evaluation Assumptions for LP-WUS with OOK/OFDM detector
	Attributes
	Assumptions

	Carrier Frequency
	2.6GHz

	SCS
	30kHz

	gNB Channel BW 
	20MHz (50 RBs)

	WUS BW
	12RBs

	Channel structure
	Payload+CRC:8 bits+8 bits

	Chip rate
	112kcps ,M=4

	WUS duration
	8 OFDM symbols

	frequency offset
	0/2/3/4/5/6 ppm

	Timing error
	0/0.64/0.96/1.28/1.6/1.92 us

	Guard band
	1RB on each side of LP-WUS bandwidth

	Filter 
	5th Order Butterworth with 4.32MHz bandwidth 

	Receiver
	OOK/OFDM
w/o Freq hypothesis & Time hypothesis

	ADC bit width
	8-bitADC,

	SamplingRate
	7.68MHz

	Channel Model
	TDL-C 300

	Overlaid OFDM sequence

	1)ZC sequence: ZC sequence with length 35, root=1(or31) w/ and w/o CS, cyclically extended to 36 points for each OOK symbol before DFT;
2) 2 ZC sequence: ZC sequences with 2 different roots or 2 different CS are used on a symbol to represent different bits.
3) m-sequence : m sequence with length 31, Polynomial=[5 2 0](or[5 3 2 1 0]), cyclically extended to 36 points and become bipolar for each OOK symbol before DFT;
4) Gold sequence: sequence with length 36 based on Gold sequence in TS 38.211 section 5.2.1, Cinit=1(or31) for each OOK symbol before DFT;



Table 9: Assumptions for link level simulation for LP-SS Sync&RRM measurement
	Attributes
	Assumptions

	Carrier Frequency
	2.6GHz

	SCS
	30kHz

	gNB Channel BW 
	20MHz (50 RBs)

	WUS BW
	12RBs

	Channel structure
	[1 0 0 1]/ [1 0 0 1 1 1 0 0]/ [1 0 0 1 0 1 1 0 1 0 1 0 1 1 0 0 ]

	Chip rate
	56 kcps ,M=2/112 kcps ,M=4/224 kcps ,M=8

	WUS duration
	2 OFDM symbols

	frequency offset
	0/5/200 ppm

	Timing error
	1.6 us

	Detection window
	Time error + WUS duration

	Guard band
	1RB on each side of LP-WUS bandwidth

	Filter 
	5th Order Butterworth with 4.32MHz bandwidth 

	Receiver
	OOK


	ADC bit width
	4-bitADC,

	SamplingRate
	7.68MHz

	Channel Model
	TDL-C 300

	Overlaid OFDM sequence

	ZC sequence: ZC sequence with length 71/35/17 for M=2/4/8, root=37/31/11, cyclically extended to 72/36/18 points for each OOK chip before DFT


9.2 
9.3 Link budget assumptions
Table 10: Link budget assumptions for PUSCH for message3 and LP-WUS/LP-SS (Non-redcap UE)

	Channel for evaluation
	PUSCH Msg3(56bits) 
	LP-WUS/LP-SS

	Carrier frequency (GHz)
	2.60 
	-

	Transmitter
	 
	 

	(1) Number of transmit antenna elements.
	1.00 
	192.00 

	(2) Number of ([transmit TxRUs) or (modelled transmit chains)]
Note: this row is void (left empty) for uplink
	-
	64.00 

	(2a) Number of transmit chains modelled in LLS
	1.00 
	1.00 /2.00

	(3) Total transmit power (dBm) 
Note: total transmit power for system bandwidth 
	23.00 
	46.01 

	(3a) System bandwidth for downlink, or occupied bandwidth for uplink (Hz)
	720000.00 
	100000000.00 

	(3b) Power Spectrum Density = (3) - 10 log( (3a) / 1000000 )  (dBm/MHz) 
Note: For FR1 downlink, (3b) should satisfy the following: 
  For 4GHz frequency, 24 and 33
  For 2.6 GHz frequency, 33
  For 700MH and 2GHz frequency, 36
Note: For FR2 downlink, the following should be satisfied:
   40 dBm for 100 MHz Urban scenario,
   23 dBm for 100 MHz Indoor scenario.
Note: no PSD constraint for uplink
	-
	33.00 

	(3c) bandwidth used for the evaluated channel  (Hz)
Note: (3c) is identical to the number of PRBs assigned to the channel evaluated.
          for uplink, (3a) = (3c) 
	720000.00 
	4320000.00 

	(3bis) Total transmit power for occupied bandwidth    =  (3b) + 10 log ( (3c) / 1000000 ) (dBm)
	23.00 
	39.35 

	(4) total antenna gain at antenna gain component 3 & antenna gain component 4 of transmitter = (4a) - (4b)  (dB)
	0.00 
	10.12 

	(4a) antenna gain at antenna gain component 3 & antenna gain component 4 of transmitter
       =   (4c) + 10 log ( (1) / (2) ) (dB)  for downlink, and
       =   (4c) + 10 log ( (1) / (2a) ) (dB)   for uplink
	0.00 
	12.77 

	(4b) antenna gain correction factor at antenna gain component 3 & antenna gain component 4 of transmitter (dB)
	0.00 
	2.65 

	(4c) gain of antenna element (dBi) 
	0.00 
	8.00 

	(5) total antennna gain at antenna gain component 2  of transmitter = (5a) - (5b)  (dB)
Note: zero for uplink
	0.00 
	10.06 /7.05

	(5a) antenna gain at antenna gain component 2 of transmitter = 10 log( (2)/(2a)) (dB)
Note: zero for uplink
	0.00 
	18.06 /15.05

	(5b) antena gain correction factor at antenna gain component 2 of transmitter (dB)
Note: zero for uplink
	0.00 
	8.00 

	(8) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (feeder loss must be included for and only for downlink)
	1.00 
	3.00 

	(9) EIRP = (3bis) + (4) + (5) – (8) dBm
	22.00 
	56.54 /53.53

	Receiver
	 
	 

	(10) Number of receive antenna elements
	192.00 
	1.00 

	(10a) Number of receive TxRUs
Note: this row is void (empty) for downlink
	64.00 
	-

	(10b) Number of receive chains modelled in LLS
	2.00 
	1.00 

	(11)  total antenna gain at antenna gain component 3 & antenna gain component 4 of receiver = (11a) - (11b)  (dB) 
	10.12 
	0.00 

	(11a) antenna gain at antenna gain component 3 & antenna gain component 4 of receiver 
    =  (11c) + 10 log (  (10)/(10a) )     (dB) for uplink
    =  (11c) + 10 log (  (10)/(10b) )     (dB) for downlink
	12.77 
	0.00 

	(11b) antena gain correction factor at antenna gain component 3 & antenna gain component 4 of receiver (dB)
	2.65 
	0.00 

	(11c) gain of antenna element (dBi)
	8.00 
	0.00 

	(11bis) total antenna gain at antenna gain component 2  of receiver = (11bis-a) - (11bis-b) (dB)
Note: zero for downlink
	7.05 
	0.00 

	(11bis-a) antenna gain at antenna gain component 2 of receiver = 10 log( (10a)/(10b)) (dB)
Note: zero for donwlink
	15.05 
	0.00 

	(11bis-b) antena gain correction factor at antenna gain component 2 of receiver (dB)Note:  zero for downlink
	8.00 
	0.00 

	(12) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (feeder loss must be included for and only for uplink)
	3.00 
	1.00 

	(13) Receiver noise figure (dB)
	5.00 
	12.00 

	(14) Thermal noise density (dBm/Hz)
	-174.00 
	-174.00 

	(15) Receiver interference density (dBm/Hz) 
	-165.70 
	-169.30 

	(16) Total noise plus interference density        = 10 log (10^(( (13) + (14))/10) + 10^((15)/10))    (dBm/Hz)
	-164.03 
	-161.26 

	(18) Effective noise power = (16) + 10 log((3c))   (dBm)
	-105.46 
	-94.90 

	(19) Required SNR (dB)
	-2.22 
	6.59/3.58 

	(20) Receiver implementation margin (dB)
	2.00 
	2.00 

	(21) H-ARQ gain (dB)
Note: Only applicable if HARQ is not considered in LLS
	0.00 
	0.00 

	(22) Receiver sensitivity = (18) + (19)  + (20) – (21)  (dBm)
	-105.68 
	-86.31/ -89.32

	(22bis) MCL = (3bis)  - (22) + (5) + (11bis)   (dB)
	135.73 
	135.73

	(23) Hardware link budget, a.k.a MIL  = (9) + (11) + (11bis) − (12) − (22)   (dB)
Note: MIL can also be derived by (22bis) + (4) – (8) + (11) − (12)
	141.85 
	141.85
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